The Hazar Basin is a 25 km-long, 7 km-wide and 216 m-deep depression located on the central section of the East Anatolian Fault zone (eastern Turkey) and predominantly overlain by Lake Hazar.This basin has been described previously as a pull-apart basin because of its rhombic shape and an apparent fault step-over between the main fault traces situated at the southwestern and northeastern ends of the lake. However, detailed structural investigation beneath Lake Hazar has not been undertaken previously to verify this interpretation. Geophysical and sedimentological data from Lake Hazar were collected during ¢eld campaigns in 2006 and 2007.The analysis of this data reveals that the main strand of the East Anatolian Fault (the Master Fault) is continuous across the Hazar Basin, connecting the two segments previously assumed to be the sidewall faults of a pull-apart structure. In the northeastern part of the lake, an asymmetrical subsiding sub-basin, bounded by two major faults, is cross-cut by the Master Fault, which forms a releasing bend within the lake. Comparison of the structure revealed by this study with analogue models produced for transtensional step-overs suggests that the Hazar Basin structure represents a highly evolved pull-apart basin, to the extent that the previous asperity has been bypassed by a linking fault.The absence of a step-over structure at the Hazar Basin means that no signi¢cant segmentation boundary is recognised on the East Anatolian Fault between Palu and Sincik.Therefore, this fault segment is capable of causing larger earthquakes than recognised previously.
INTRODUCTION
Strike-slip faults form some of the most continuous and linear fault systems on earth. However, these fault systems usually comprise complex zones consisting of an echelon fault and fold segments (Wilcox et al., 1973; Cunningham & Mann, 2007) . Hence, discontinuities existing at di¡er-ent scales along the strike are common and can provide valuable information concerning the evolution of fault geometry (Cunningham & Mann, 2007) . These discontinuities comprise abrupt changes of the fault strike angle ('fault bends') or discrete lateral steps in the fault trace ('step -overs') (Mann et al., 1983 (Mann et al., , 1995 Cunningham & Mann, 2007) . Depending on fault geometry and the local stress ¢eld, these discontinuities will be the locus of compression (transpressional zones) or extension (transtensional zones) leading to the formation of a positive relief or a basin, respectively (Sylvester, 1988; Cunningham & Mann, 2007) . Discontinuities of a signi¢cant scale can behave as fault segmentation boundaries, where individual fault ruptures terminate (Barka & Kadinsky-Cade, 1988; Lettis et al., 2002) . Therefore, the presence of large fault bends or/and step-overs on a strike-slip fault system will strongly in£uence the length of fault ruptures, which is proportional to the earthquake magnitude (Wells & Coppersmith, 1994) .
The structure and evolution of step-overs on strike-slip faults have been studied extensively in natural and experimental settings (e.g. Aydin & Nur, 1982; Koc°yig ï it, 1989; Zhang et al., 1989; Dooley & McClay, 1997; Rahe et al., 1998; Barnes et al., 2001; McClay & Bonora, 2001; Wu et al., 2009) . According to these studies, step-overs tend to be abandoned over time, most commonly because a new strike-slip fault develops diagonally across the step-over linking the original boundary fault segments (e.g. Zhang et al.,1989) . Indeed, analogue models have shown that secondary fault splays grow across the step-over from the ¢rst stages of evolution (Dooley & McClay, 1997; Rahe et al., 1998; Wu et al., 2009 ). These models show that, as accumulated displacement increases, the secondary fault splays evolve to accommodate more slip and progressively link to one another. In time, the secondary fault splays may unite to form the principal deformation zone, linking the two side-wall fault and abandoning the step-over fault geometry (Zhang et al., 1989; Dooley & McClay, 1997; Rahe et al., 1998; McClay & Bonora, 2001; Wu et al., 2009) . Therefore, as strike-slip faults mature, longer fault segments will develop.
The present study focuses on the East Anatolian Fault ( Fig. 1 ) and more particularly on the Hazar Basin, a localised transtensional zone located in its central part (Hempton, 1980 (Hempton, , 1982 Hempton & Dewey, 1981; Hempton et al., 1983; Mann et al., 1983; Reng˛r et al., 1985; Muehlberger & Gordon, 1987; Rarog ï lu et al., 1992; Westaway, 1994; C°etin et al., 2003) . This basin was the locus of a multidisciplinary ¢eldwork campaign in the summers of 2006 and 2007 with the objective of investigating its structure and sediments. This paper discusses the structure of the Hazar Basin and the implications for our understanding of the central section of the East Anatolian Fault. The structure of the basin is analysed utilising bathymetric maps and seismic pro¢les collected from Lake Hazar in combination with the available geomorphological data of its surroundings. Several isopach maps, based on selected seismic horizons, are used to unravel the evolution of the Hazar Basin and evaluate the dynamic interaction between deformation and sedimentation in the basin. Finally, a minimum age of the present structure of the Hazar Basin is estimated based on the cumulated left-lateral deformation of the northeastern half of Lake Hazar. (Ambraseys, 1989) . Dams, main rivers and cities are shown.The arrows indicate relative fault motions. Inset: schematic diagram of the continental extrusion of the Anatolian block away from the Arabia^Eurasia collision zone including GPS vectors relative to Eurasia (McClusky et al., 2000; Reilinger et al., 2006) . NAFZ: North Anatolian Fault Zone; EAFZ: East Anatolian Fault Zone; DSFZ: Dead Sea Fault Zone; MF: Malatya Fault; SF: SˇrgˇFault; HSZ: Hellenic Subduction Zone; KTJ: Karliova Triple Junction; TTJ: Tˇrkoglu Triple Junction. Projections: Lat/Long-WGS84.
TECTONIC SETTING
The westward extrusion of the Anatolian plate towards the Aegean subduction zone is the most prominent neotectonic feature of Turkey (Fig. 1 ). This extrusion started 12 Ma ago (Dewey et al., 1986; McQuarrie et al., 2003) as a result of the collision of the Arabian and Eurasian plates (McKenzie, 1972; Dewey & Reng˛r, 1979; Jackson & McKenzie, 1988) . Presently, the extrusion of the Anatolian plate is accommodated predominantly by the East and North Anatolian Fault zones (McClusky et al., 2000; Hubert-Ferrari et al., 2002; Reilinger et al., 2006) .
The left-lateral East Anatolian Fault marks the 600 kmlong strike-slip boundary between the Arabian and Anatolian plates (Arpat & Rarog ï lu, 1972) . It strikes NE^SW linking the left-lateral Dead Sea Fault to the right-lateral North Anatolian Fault (Fig. 1) . The East Anatolian Fault has an average slip rate of 10^11mm yr À 1 (C°etin et al., 2003; Reilinger et al., 2006) , a total o¡set of 15^30 km (Rarog ï lu et al., 1992; Westaway, 1994 Westaway, , 2003 and an estimated age of 3^4 Ma Rarog ï lu et al., 1992; Westaway & Arger,1996; Hubert-Ferrari etal., 2009) .The fault trace is segmented with a maximum recognised segment length of $100 km (Muehlberger & Gordon, 1987; Barka & Kadinsky-cade, 1988; Rarog ï lu et al., 1992) .These characteristics of the East Anatolian Fault, compared with other major strike-slip plate boundary faults, indicate that it is relatively immature. For example, the North Anatolian Fault has generated earthquakes with magnitudes of $8 associated to $300 km-long surface ruptures (Ambraseys & Finkel, 1995; Barka, 1996) , whereas the largest known earthquake on the East Anatolian Fault had a maximum magnitude of only 7.4 (Ambraseys, 1989; Nalbant et al., 2002) . This di¡erence in earthquake magnitudes and rupture length between the East and North Anatolian Faults re£ects the greater maturity of the latter. Indeed, the North Anatolian Fault has a higher slip rate of 202 5 mm yr À 1 (McClusky et al., 2000; Hubert-Ferrari et al., 2002; Kozaci et al., 2007) , a larger total o¡set of about 85 km Bozkurt, 2001; Westaway & Arger, 2001; Hubert-Ferrari et al., 2002; Reng˛r et al., 2004) and an older age of 10^12 Ma (Reng˛r et al., 1985 (Reng˛r et al., , 2004 .
The East Anatolian Fault zone was ¢rst interpreted as an oblique collision belt (e.g. Lyberis et al., 1992) because of its location at the front of the Arabian plate and along the Tauride mountain range, which follows the Neotethys suture (McQuarrie et al., 2003; Robertson et al., 2006) . However, according to an S-wave receiver study (Angus et al., 2006) , the deep Arabian lithosphere is not present underneath Anatolian. Indeed, GPS data show a dominantly left-lateral strike-slip motion associated with this fault zone (McClusky et al., 2000; Reilinger et al., 2006) . The left-lateral East Anatolian Fault thus appears to be the actual boundary between the Arabian and Anatolian plates. Transpressional and transtensional deformation do exist locally, although in association with fault discontinuities (e.g. Westaway, 1994 Westaway, , 1995 Westaway, , 2003 . The strike-slip nature of this fault is con¢rmed in the central part of the East Anatolian Fault by the focal mechanisms calculated for the recent seismicity of this area (Fig. 2) . Nevertheless, active thrust deformation is evidenced to the south of the East Anatolian Fault at the boundary between the Tauride belt and the Arabian platform by the occurrence of an Ms 6.7 thrust earthquake in Lice in1975 (Taymaz etal.,1991; Úrgˇ-lˇet al., 2003; Tan et al., 2008) and by the geomorphological study of Cowgill (2007) .
The East Anatolian Fault has a complex fault trace ( Fig.  1) , particularly at its northern and southern extremities, where it intersects the North Anatolian and Dead Sea Faults, respectively (Rarog ï lu et al., 1992; Koc°yig ï it et al., 2001) . Previous studies have recognised three major discontinuities on its trace, from northeast to southwest: (1) the Bingol area, (2) the Hazar Basin and (3) the Sincik area (see Fig. 1 ) (Hempton, 1982; Hempton et al., 1983; Dewey et al., 1986; Rarog ï lu et al., 1992; Koc°yig ï it et al., 2001; C°etin et al., 2003) .There are, however, many others minor fault discontinuities leading to several alternative interpretations of fault segmentation (e.g. Barka & Kadinsky-Cade, 1988 ). This fault zone has ruptured over most of its length during the 19th century in a series of magnitude $7 earthquakes (Ambraseys, 1989 (Ambraseys, , 1997 Ambraseys & Jackson, 1998; Nalbant et al., 2002) . Two of these large earthquakes occurred in the vicinity of Lake Hazar in 1874 and 1875, for which surface-wave magnitudes have been estimated to be 7.1 and 6.7, respectively (Ambraseys, 1989; Ambraseys & Jackson, 1998) . According to Ambraseys (1989) , these earthquakes a¡ected a very large region (see isoseismal lines in Fig. 1 ) and caused particularly severe damage in the Hazar area, uplifting signi¢cantly the southeastern outlet of the lake (Fig. 3) . As a result, the lake out£ow into theTigris River ceased and the lake level rose (Ambraseys, 1989) .These earthquakes were also described by C°etin etal. (2003) , who found evidence of the 1874 and/or the 1875 earthquakes in one of the trenches opened on the Gezin Fault, which is located in the southeastern extremity of the Hazar Basin (Fig. 3 ). According to this study, the 1874 event was produced by a rupture of the Havri Fault (Fig. 3) , possibly over a distance of 130 km. In order to explain such a long rupture, C°etin et al. (2003) propose a possible joined rupture of the Palu-Hazar and Hazar-Sincik segments (Fig. 2) during this event. Indeed, previous studies have suggested that both segments may be connected (Rarog ï lu etal.,1992), or even may form one continuous fault segment (Muehlberger & Gordon, 1987) , and are thus able to rupture at the same time. However, none of these interpretations of the fault geometry have been proved yet. C°etin et al. (2003) also indenti¢ed two other events associated to this section of the East Anatolian Fault: one occurred after AD 1420 (probably the 03/28/1513 earthquake of Ms ! 7.3 described by Ambraseys (1989) ) and another in AD 250^450. In addition to these earthquakes, two other large historical earthquakes have been reported from the Palu-Hazar area: one in AD 995 and another in AD 1789, both with an estimated Ms ! 7.0 (Ambraseys, 1989; Guidoboni et al., 1994; Ambraseys & Jackson, 1998) . (Ambraseys, 1989; Taymaz et al., 1991; Kekovali et al., 2003; Tan et al., 2008) . This absence of large earthquakes has resulted in relatively little attention being paid to the East Anatolian Fault compared with the North Anatolian Fault, which has ruptured during the last century in several earthquakes of Ms $7 (e.g. Barka, 1996; Stein et al., 1997) . However, the historical seismic activity (Ambraseys, 1989 ) and the present GPS-based strain rate (McClusky et al., 2000; Reilinger et al., 2006) indicate that the East Anatolian Fault is a major potential source of high-magnitude earthquakes. Moreover, considering the large population and infrastructure (Tosun et al., 2007) within the potential seismic damage zone (Figs 1  and 2 ), the East Anatolian Fault zone poses a signi¢cant seismic hazard.
SITE DESCRIPTION
The Hazar Basin is a 25 km-long, 7 km-wide intra-mountain sedimentary basin located in the central part of the East Anatolian Fault (Figs 1 and 2 ) at a mean elevation of 1250 m (Hempton et al., 1983) .The southern margin of this basin is steep and dominated by Mount Hazar (2350 m), whereas the northern margin has a relatively low relief (maximum of 1685 m) and generally gentle slopes. Lake Hazar covers about 100 km 2 of the basin area with an NEtrending elongated-shape along the East Anatolian Fault (Figs 2 and 3) . The relatively straight southern edge of the lake runs along the base of Mount Hazar and is considered to be fault controlled, whereas the northern coastline, which is more irregular, is not (Hempton, 1982; Hempton et al., 1983; . The Hazar Basin is generally described as a pull-apart basin with a left-lateral stepping separation of $3 km between the Palu-Hazar and Hazar-Sincik segments (Hempton, 1980 (Hempton, , 1982 Hempton & Dewey, 1981; Hempton et al., 1983; Mann et al., 1983; Reng˛r et al., 1985; Rarog ï lu et al., 1992; Westaway, 1994; C°etin et al., 2003) . An alternative interpretation of the Hazar basin structure has been proposed by Aksoy et al. (2007) , who suggest that the Hazar Basin is the result of a negative £ower structure. Nonetheless, none of these interpretations have actually been demonstrated, as the structure inside Lake Hazar has remained unknown until the present study.
The onland fault geometry of the East Anatolian Fault comprises two sub-parallel main fault strands at the east of Lake Hazar, named the Havri Fault (northern strand) and Gezin Fault (southern strand) by C°etin et al. (2003) (see also Hempton et al., 1983; Rarog ï lu et al., 1992) . The Havri Fault is very straight, striking N651E near the lake shore, and has accommodated 175 m of left-lateral slip in the last14 750^15255 years (C°etin et al., 2003) . The Gezin Fault has a slightly di¡erent strike and dips toward the Havri Fault. The Gezin Fault accommodates some normal motion as attested by: (1) a northdipping fault scarp, (2) active sedimentary in¢lling on the downthrown northern block and (3) hanging valleys on the tilted southern upthrown block. According to C°etin et al. (2003) , these characteristics suggest a cumulative vertical o¡set of at least 140 m.West of Lake Hazar, the East Anatolian Fault zone comprises two main sub-parallel fault strands as well (Hempton, 1982; Hempton et al., 1983; Rarog ï lu et al., 1992; Aksoy et al., 2007) . The fault morphology is less clear here than in the east because of the greater geological complexity.This site is characterised by a 'megabreccia zone'outcropping in between the two fault strands, which Hempton (1982) associated with left-lateral shear between these two subparallel faults. The N631E-striking Southwestern Fault (SwF in Fig. 3 ) accommodates mainly strike-slip deformation (Hempton, 1982; Hempton et al., 1983) , as evidenced by the presence of left-laterally o¡set streams, pressure and shutter ridges and sag pond structures along its trace. Whereas, the sub-parallel Northwestern Fault (NwF in Fig. 3 ), which strikes N661E, might accommodate some vertical motion. This is attested by a north-dipping scarp along its trace and was corroborated by observations in a test-pit excavated across this fault during the summer of 2007 (Fig. 3 ). Many previous studies (Hempton, 1982; Hempton et al., 1983; Rarog ï lu et al., 1992; C°etin et al., 2003; Aksoy et al., 2007) mapped an additional fault system on the northern £ank of Mount Hazar striking nearly parallel to the southern coastline of Lake Hazar. This fault system was recognised during ¢eldwork, forming two 150^200 mhigh and $4 -km-long segmented scarps (Fig. 3 ). These scarps have generally been attributed to normal faulting (e.g. C°etin et al., 2003; Aksoy et al., 2007) . Hempton (1982) noted that this fault separates blocks of contrasting lithology with most of their slickenside indicating oblique-slip. Nevertheless, the origin and relationship of this fault with the basin structure are uncertain and beyond the scope of the present study.
Basin sediments are predominantly sourced from two main drainage systems discharging into the lake at its southwestern and northeastern ends (e.g. Hempton et al., 1983) .The northeastern drainage system comprises several streams with small drainage areas, whereas the southwestern system is mainly dominated by the Kˇrk River, which drains a large area and forms a signi¢cant alluvial fan at the southwestern coast of the lake (Fig. 3 ). This river is presently incised into the fan surface by about 2^3 m following the Northwestern Fault, which cuts the southern part of the fan (Hempton et al., 1983) .
METHODOLOGY
The geophysical study of Lake Hazar consisted of a highresolution seismic re£ection survey, which was complemented with side-scan sonar data. In total, 44 seismic pro¢les were collected along a $500 m spaced grid (Fig. 3) . The acquisition system consisted of a 'centipede' multi- electrode sparker, as an acoustic source (300 J and main frequency of 400^1500 Hz), and a 10-hydrophone singlechannel streamer, with an active length of 2.7 m, as a receiver. Precise navigation data were provided using a SIM-RAD Shipmate GPS system and recorded, together with the seismic signal, using an ELICS Delph-2 system, and subsequently converted to the SEGY format. Bathymetry and structural maps were constrained by interpolation of the seismic lines assuming a sound velocity in water of 1500 and 1600 m s À 1 in soft sediments. The side-scan sonar survey used a KLEIN 3000 device that simultaneously recorded in two frequency bands of 100 and 500 kHz.Tow¢sh depth regulation was performed manually. The objective of the side-scan sonar survey was to detect abrupt morphological variability of the lake £oor, such as fault scarps.
In order to unravel the structure of the Hazar Basin, the seismic pro¢les were analysed to identify the main faults using interpretation criteria such as the localised vertical o¡set of seismic re£ections, growth strata and the presence of hyperbolic di¡ractions created at the fault planes. Relative fault activity and deformation style were estimated by the amount of vertical o¡set and deformation of the seismic re£ections near the fault plane, scarp geomorphology and fault continuity across di¡erent seismic pro¢les. Interpretations of scarp geomorphology and fault length were aided by the side-scan sonar data. Fault splays are classi¢ed as main, secondary, or minor strands according to their length, damage zone and relative amount of o¡set. Finally,13 seismic horizons were mapped throughout most of the seismic pro¢les in order to reveal temporal patterns of sediment-deposition and to provide insight into the structural evolution of the basin. These seismic horizons either represent unconformities or marker horizons with characteristic amplitude or frequency attributes. They were correlated across the seismic grid according to their continuity through intersections between di¡erent seismic pro¢les crossing one another. Correlations across the Master Fault were made in the central part of Lake Hazar, where the vertical o¡set along this fault is smaller than in other sectors of the lake and seismic units can easily be compared from one sub-basin to another.
RESULTS

Bathymetry and present-day fault distribution in Lake Hazar
The bathymetry map (Fig. 4) shows two distinct areas: an irregular 216 m-deep sub-basin in the northeastern half of the lake and a much £atter and shallower sub-basin occupying its southwestern half. These two main sub-basins have been named the Deep and Flat basins to facilitate the description of the basin.Three additional bathymetric features stand out, which are from east to west: (1) a plateau locally separating the Deep Basin from the southern lake margin, (2) a small 140 m-deep elongated basin located northwest of the plateau and southwest of the Deep (Fig. 4) .
We describe the structure revealed by the seismic investigation from west to east. The Southwestern and Northwestern faults described onshore correlate to the Master Fault and Northwestern Splay inside the lake, respectively (Fig. 4) . Both faults converge at the northeastern corner of the promontory giving rise to shortening features probably associated with the bend of the Northwestern Splay towards the Master Fault (Fig. 4) . To the southeast of their junction, a north-dipping fault (the Southern Fault) is recognised along the southern margin of the lake composed of several complex splays. This fault continues onshore as the aforementioned Gezin Fault forming a continuous $24 km-long fault strand. Near the centre of the lake, a splay of the Master Fault forms a depression revealed in the bathymetry as the Small-elongated Basin (SeB in Fig.  4) , which is clearly recognisable in the side-scan sonar data (Fig. 5) . In the northern quartile of the lake, a south-dipping fault (the Northern Fault) arcs for 8 km around the northern edge of the Deep Basin. This fault has a conjugate strand in places and forms localised graben structures. At its western end, the Northern Fault curves toward the Master Fault forming a scarp about 18 m high that is visible in the side-scan sonar data (Fig. 5a ). At the northeast end of the lake, the Northern Fault converges with the Master Fault, which correlates to the Havri Fault onshore (Fig. 4) .Therefore, the Southwestern, Master and Havri Faults are part of the same continuous fault strand. In the northeast half of the lake, this continuous Master Fault strikes at 61 rotated counter-clockwise relative to its onshore continuation, the Havri Fault, revealing a subtle releasing bend geometry (see Mann et al., 1983 Mann et al., , 1995 Cunningham & Mann, 2007) in this area (Fig. 4) .
Deep faulting characteristics and basin structure
A representative set of six seismic pro¢les (Fig. 6 ) has been selected to characterise the di¡erent fault systems and subsurface structures corresponding to the morphostructural features described in the previous section. The selected pro¢les are not located near the eastern and western ends of the lake because of the poor seismic penetration in these areas (see locations in Fig. 4 ). All the pro¢les are plotted with a vertical exaggeration of $8.
Di¡erent seismic units were identi¢ed on the seismic pro¢les bounded at top and bottom by seismic horizons 1^12. The seismic facies of these units are mostly acoustically well-strati¢ed, with characteristic successions of high-and low-amplitude parallel re£ections (e.g. Fig. 6a ). At the base of this seismic sequence, an additional seismic unit is present, characterised by a chaotic to di¡use seismic facies (e.g. Fig. 6b ), although some individual re£ec-tions can be discerned in it. The boundary between the acoustically strati¢ed and the chaotic to di¡use seismic units is consistently marked by a set of strong re£ections distinguishable on most of the seismic pro¢les.This paper focuses on the seismic sequence above the chaotic to diffuse seismic unit. We refer to it as the 'lacustrine in¢ll' , whereas we refer to the boundary between this seismic sequence and the chaotic to di¡use seismic unit as the 'base of the lacustrine in¢ll' . Notice that the term 'lacustrine in¢ll'does not necessarily imply that the di¡use seismic unit underneath was not deposited in a lacustrine environment. It only indicates that the upper, acoustically wellstrati¢ed seismic unit has most likely been deposited in an open lacustrine environment, whereas the acoustically massive seismic unit below it could have been deposited either in a terrestrial or in a lacustrine environment. The base of the lacustrine in¢ll is displayed on the pro¢les analysed in this section together with twelve other prominent seismic re£ections, labelled horizons 1^12 (Fig. 6) .
Pro¢le 17 (Fig. 6a) crosses the Deep basin at its centre (Fig. 4) . It shows a deep in¢lled basin bounded by steep sidewall faults, the Northern and Southern faults, and divided in its centre by the Master Fault. The steep slopes enclosing the basin are considered to be fault controlled because of the geometry of the re£ection terminations, the lateral continuity of these structures and, in other pro¢les, the presence of features typically related to fault activity, such as growth strata and nearby minor faults associated to them both (see Fig. 6b ). This interpretation is also corroborated by the alignment of the southern fault-like structure to the onshore Gezin Fault (Fig. 4) , which is considered as its onshore continuation. In addition, the Northern and Southern faults appear to be predominantly extensional in character, which is in et al., 2003) . Contrarily, the Master Fault is identi¢ed as being principally strike-slip in character.This interpretation is supported by the alignment of this feature with two main strike-slip faults onshore (Fig. 4) and by the fact that lateral changes in the dip direction of the fault occur from one pro¢le to another. The Master and Southern faults are characterised in this pro¢le by narrow and simple fault zones, whereas the Northern Fault zone is wider with two conjugate splays separated by about 300 m.The fault dip angles shown in this pro¢le (taking into account a vertical exaggeration of $8) are similar across the entire Deep Basin; the Northern and Southern faults are steeply dipping (501^651), whereas the Master strike-slip fault is near vertical (4801). The uppermost seismic unit (above H1) comprises re£ections of much higher amplitude than those below. This unit is slightly curved upwards against the Northern and Southern faults, although much less than the seismic units below it that forms an unconformity close to the fault zones with its base (H1).This increase in deformation with depth may be indicative of continuous tectonic activity along both fault systems. The Master Fault clearly o¡sets the uppermost seismic re£ections forming a $6 m-high, down-to -the-north, scarp on the lake £oor, attesting to its recent activity.The basin can be divided in two sub-basins north and south of the Master Fault, each having distinct structures.The in¢ll of the northern sub-basin forms an asymmetric subtle syncline with an axial plane $550 m north of the Master Fault and a visible lacustrine in¢ll of 240 m thickness.The base of the lacustrine in¢ll is not observed on this side of the pro¢le. The southern sub-basin has much £atter bedding and the base of the lacustrine in¢ll is found close to the Southern Fault revealing a minimum thickness of 220 m. The seismic-stratigraphic architecture of the southern sub-basin is marked by a change in the geometry of the seismic re£ections between Horizon 6 (H6) and 8 (H8), which appears to correspond to the burial of a set of faults located to the north of the Southern Fault (Fig. 6a) . The di¡erence in geometry of the two sub-basins may re£ect the lateral juxtaposition of parts of the basin that did not form adjacently. Indeed, the thickness of equivalent seismic units is $1.4 times larger in the northern sub-basin than in the southern one. Nevertheless, the di¡erence in thickness is also coincident with the down-to -the-north displacement of the lake £oor, which may indicate some vertical o¡set at this location.This is in agreement with the releasing-bend geometry de¢ned by the Master Fault (Fig. 4) , which would favour subsidence of the northern sub-basin with respect to the southern one.
Pro¢le 40 (Fig. 6b) is located 3.35 km east of pro¢le 17 (Fig. 6a) crossing the western part of the Deep Basin and the plateau (Fig. 4) . Comparison of these two pro¢les highlights the high variation in fault geometry and basin structure along the strike. The same three active fault systems are recognised, although they have wider fault zones and are more complex in pro¢le 40 than further east (e.g. Fig. 6a ).The Master Fault system comprises two major semi-parallel splays (Mfa and Mfb) separated by about 250 m on the lake £oor. Mfa is nearly vertical and limits the Deep Basin or northern sub-basin to the southeast. This strand is at the base of a 40 m-high north-facing scarp, which is probably predominantly formed by left-lateral displacement because this magnitude of displacement was not recognised on pro¢le 17. Mfb dips toward Mfa and de¢nes the northern extent of the plateau. Mfb displays no apparent scarp on the lake £oor. However, it signi¢cantly o¡sets the whole sedimentary in¢ll, including the uppermost seismic re£ections, indicating a relatively recent activity.The Southern Fault system also comprises several splays. The main splay of this fault system is separated from the southern slope by 400 m and forms a 4 m-high scarp on the lake £oor, which together with the development of growth strata on its downthrown northern block (Fig. 6b) , attest to its recent activity. At depth, this splay forms a broader fault zone towards which the sedimentary in¢ll of the southern sub-basin is tilted.The seismic horizon H1 lies nearly horizontally on top of these tilted seismic units de¢ning a sharp angular unconformity. In this part of the pro¢le, between the main splay of the Southern Fault and the southern slope, a lens-shaped seismic body composed of chaotic re£ections suggests the occurrence of land-slides in this area in the period of deposition of H4^H1. The Northern Fault zone is about 400 m wide at depth and consists of several fault splays. Near the surface, two main splays are recognised composing this system with an apparent dip of 601^651 to the south.These faults do not extend to the surface, although the southern splay and an antithetic strand north of it produce a subtle anticline affecting the uppermost seismic re£ections. In this pro¢le, the in¢ll of the northern sub-basin still forms a subtle (notice the vertical exaggeration) asymmetrical syncline with about 300 m of sediments above the base of the lacustrine in¢ll. The comparison between the same set of seismic horizons in pro¢les17 and 40 shows that equivalent seismic units are about three times thicker in the northern subbasin on pro¢le 17 (Fig. 6a ) than on pro¢le 40 (Fig. 6b) . Extrapolating this ratio, a minimum lacustrine in¢ll of about 900 m is inferred in the central part of the Deep Basin (e.g. pro¢le 17). In pro¢le 40, the southern sub-basin (beneath the plateau) has a similar geometry as revealed in pro¢le17, but with a thinner lacustrine in¢ll, which reaches about 100 m in its centre. (Fig. 6c) images the small-elongated basin and is located near the transition from the Deep Basin to the Flat Basin (Fig. 4) . The main structural change with respect to pro¢les 17 and 40 is the concentration of most of the deformation on the Master Fault system.The Northern Fault, less active here, forms a broad zone of buried faults with the main strand extending near the surface and slightly o¡setting the uppermost seismic re£ections. This fault system strongly a¡ects the re£ections situated in between the base of the lacustrine in¢ll and H11, making it di⁄cult to identify individual horizons in this zone. The Southern Fault, like in pro¢les further west, forms a discrete limit of the southern sub-basin with no scarp or associated growth strata. The Master Fault de¢nes a 500 m-wide negative £ower structure dominated by three main fault splays, all of them forming signi¢cant scarps on the lake £oor clearly identi¢able with the side-scan sonar data (Fig. 5a) .The main strand of the £ower structure (Mfa) is vertical and located in the centre of the fault system. The other two strands (Mfb and Mfa 0 ) bound the small-elongate basin and dipped $751 toward the Mfa.The seismic re£ections in the northern and southern sub-basins are tilted toward the Master Fault revealing a strong localised subsidence, which is possibly associated to the transtension concentrated at the £ower structure. Pro¢le 22 (Fig. 6c ) also shows that the lacustrine in¢ll of the northern sub-basin becomes thinner to the west. Moreover, there is a complete inversion of the sub-basins morphology with respect to pro¢le 40 (Fig. 6b) and 17 ( Fig. 6a) : the in¢ll of the northern sub-basin is now thinner (80 m) than the southern one (120 m). This alongstrike inversion of the basin morphology and structure between the northern and southern sub-basins is possibly linked to their translation along the left-lateral Master Fault.
Pro¢le 34 (Fig. 6d) , as pro¢les 4 (Fig. 6e) and 29 (Fig. 6f) , reveals a Flat Basin limited to the south by the principal deformation zone and to the north by a non-fault-controlled margin. In these pro¢les, the strata of the Flat Basin are sub-horizontal and dip gently toward the south. The total lacustrine in¢ll of the Flat Basin is thinner (66 m) in pro¢le 34 compared with the $80 m on pro¢les 4 and 29. This di¡erence in sedimentary thickness probably re£ects variations in sediment supply as discussed in the following section of this paper. In Pro¢le 34 (Fig. 6d) , the Flat Basin is bounded to the southeast by the upwardsteepening, apparently southeast-dipping Master Fault, which rolls over near the lake £oor. The geometry of the strike-slip Master Fault suggests that there may be some transpression in this area.This is corroborated by the presence of a pop-up structure limited by the Master fault to the north and by a downward-concave slope-break, which may re£ect an unrecognised fault, to the south. To the southeast of this structure, the lake £oor forms a depression where little sub-surface structure is revealed by the seismic data. Nonetheless, two possible faults are recognised in this area, which may be related to the western extremity of the Southern Fault system. Pro¢le 4 (Fig. 6e) is quite similar to pro¢le 34 (Fig. 6d) northwest of the Master Fault, although a single sub-vertical fault extends considerably higher in the strata of the Flat Basin than the faults identi¢ed in pro¢le 34 at that location. An interesting feature related to this sub-vertical fault is the presence of some amplitude anomalies that may be caused by pockets of free gas accumulations, suggesting £uid migration along the fault plane. The southeastern edge of the Flat Basin is deformed by a pair of southeastdipping faults with an apparent reverse displacement. The main strand of this apparently reverse system, the Northwestern Splay, coincides with the base of the promontory, which forms a steep slope bounded to the southeast by the Master Fault. The overall image revealed by the pattern of faulting is that of a positive £ower structure coinciding with the elevation of the promontory. Therefore, the promontory might be a result of this transpressional feature. However, it has not been possible to verify this assumption, as the acoustic re£ection in the promontory is di¡use and gives no insight into the sub-surface strata.
Pro¢le 29 (Fig. 6f) shows a similar structure to the one revealed by the previous pro¢le (Fig. 6e) . However, the faulting in the Flat basin extends into shallower strata and the positive £ower structure is wider and presents higher fault complexity than in pro¢le 4 (Fig. 6e) . The Northwestern Splay (NwS) is located at 800 m to the north of the Master Fault and separated from the latter by a piggy back basin.To the south of the Master Fault, several minor faults are recognised de¢ning the southern part of the £ower structure. The main fault of this southern system, like the Master Fault and Northwestern Splay, forms a signi¢cant scarp on the surface, attesting to the present-day activity of this structure.
SEDIMENTATION
Even though the sediment cores collected from Lake Hazar will be the topic of another publication, here we will discuss the sedimentation rates derived from the core analysis. Radiocarbon and radionuclide ( 137 Cs and 210 Pb) dating of eight 1m short cores and two 5.25 m long cores collected in the central part of the Flat Basin suggest a sedimentation rate of $1mm yr À 1 for this area of the lake. The cored sediments mainly consist of thick (several centimetres) clay units alternating with a few $1cm-thin silt to ¢ne sand units, indicating sporadic changes in the sedimentation settings of the lake, probably linked to the seismic activity of this area.The cores have sampled the upper $10 m-thick seismic unit (Fig. 7) , which clearly stands out on all seismic pro¢les because of its higher amplitude seismic facies and the unconformity de¢ned by its base (H1) (Figs 6 and 7) . Assuming the long-term applicability of the sedimentation rate derived from the uppermost sediments, seismic horizon H1 was at the surface about 10 ka BP, suggesting that this seismic horizon represents the base of the Holocene.The unconformity de¢ned by H1 becomes more pronounced towards the northern and south- (Fig.7) , which might indicate the occurrence of erosion at these areas during a former lowstand of the lake. At the northern slope, the lake £oor forms a subtle step where the uppermost re£ections are also unconformable with respect to the underlying ones. This feature is recognisable at 40 m depth in most of the seismic pro¢les (Figs 6 and 7) and might indicate a relatively recent lowstand of the lake level (see also the discussion section of this paper).
The supply of sediment into the Hazar Basin is largely controlled by the drainage network that discharges into Lake Hazar. Figure 8 shows the stream system around the lake and, within the lake, the thickness of the Holocene sedimentary unit in swaths along the seismic lines (isopach map of sediments between the lake £oor and horizon H1). The drainage system of the Hazar Basin is elongated along the East Anatolian Fault (Fig. 8) , with the principal sources of sediments located in the southwestern and northeastern ends of the lake. The sedimentation in the central part of the basin is mainly controlled by many minor ephemeral streams draining the southern and northern slopes of the basin. Especially important are those streams located at the base of Mount Hazar, which are associated with active depositional systems on the southern margin of the lake (Hempton et al., 1983; . Mount Hazar is heavily coated with snow in winter and the annual melt probably causes the annual peak stream £ows. The asymmetric sedimentary supply of the lake is re£ected in the penetration of the acoustic signal. The lack of seismic penetration in some areas (e.g. Fig. 6d ) of Lake Hazar spatially correlates to the major sediment supplies onshore.We, therefore, infer that the poor seismic penetration in these areas may be the result of biogenic gas production associated with terrestrial organic matter in the deposits.The sedimentary in¢ll of Lake Hazar also re£ects this asymmetric sedimentary supply. The lacustrine in¢ll is minimal in the central part of the basin (see pro¢les 22 and 34 in Fig. 6c and d ) with respect to both extremities (pro¢les 17 and 29 in Fig. 6a and f) .
The Holocene isopach map highlights the in£uence of the di¡erent tectonic structures on the sedimentation in the basin (Fig. 8) . The extensional regime dominating the northeastern part of the basin has created accommodation space to e¡ectively trap sediments and the highest sedimentation rate occurs in this area. Indeed, the thickest sedimentary in¢ll is located to the northeast of the Deep Basin due to the presence of the releasing bend formed by the Master Fault and the geometry de¢ned by this fault and the convergence of the Northern Fault toward it. The thickness of the Holocene in¢ll decreases to the southwest, being minimum in the centre of the basin, to increase again signi¢cantly further west due to the in£uence of the western fan delta. There, sediments are preferentially trapped in the front of the positive £ower structure situated to the south of the Flat Basin (Fig. 8) . Hence, the sediment distribution and basin formation inside Lake Hazar are strongly in£uenced by the structure and active deformation a¡ecting the basin. 
BASIN EVOLUTION
Three isopach maps are compared with the Holocene sedimentation pattern to investigate the recent evolution of the basin.These isopach maps show the thickness between seismic horizons H3^H1, H5^H3 and H9^H5 (Fig. 9a^c) . The seismic horizon pairings were selected due to their continuity throughout the seismic pro¢les (Fig. 6) .
The H3^H1 isopach map (Fig. 9a ) reveals a sedimentation pattern similar to that of the Holocene (Fig. 8) . The thickest sedimentary in¢lls are located in the Deep Basin and around the small-elongated basin, whereas notably less sedimentation is evident in the Flat basin. The Deep Basin is characterised by a thick sedimentary in¢ll between the southern and northern sidewall faults, with the depocentre located in the northern sub-basin at the northeastern end of the lake and at exactly the same place as during the Holocene.Therefore, the tectonic regime has been relatively constant since the deposition of H3 to the present.The Deep Basin is clearly o¡set, although the isopachs show variations in deformation from one line to another making it impossible to quantify the amount of o¡set during this period of time.
The H5^H3 isopach map (Fig. 9b) shows a constant relatively thin package of sediments across the basin, except for a subtle increase in thickness in the central part of the Deep Basin. The main depocentre is located about 900 m southwest of its position during the Holocene and H3Ĥ 1, indicating an apparent southwest migration of the depocentre over time. Notably, there is no sedimentation anomaly associated with the small-elongated basin due to the impossibility to map the relevant re£ections within this structure. However, the seismic pro¢les crossing it (e.g. Fig. 6c) show that both horizons are deformed by the main fault splays forming the small-elongated basin. Therefore, the negative £ower structure was active during the deposition of H5 and H3.
The H9^H5 isopach map (Fig. 9c ) reveals a thin sedimentary in¢ll, similar to that of the H5^H3 isopach map, although with a more speculatively located depocentre in the Deep basin because of the lack of data to the northeast. Nevertheless, the depocentre appears to be located further west than in the previous isopach maps corroborating the apparent westward migration of the depocenter evidenced by a comparison of the H1^H3 and H5^H3 isopach maps. The isopach map H9^H5 shows a thicker sedimentary in¢ll closer to the Southern Fault than along the Master Fault. Therefore, at this period of time the Master Fault may have accommodated less transtensional deformation than during the deposition of the seismic re£ections above H5, being the highest dip-slip deformation associated to the Southern Fault system. This evolution was already noted in pro¢le 17 (Fig. 6a) , where there is a marked change in the seismic re£ections geometry above H5 associated with the burial of previously active normal faults. Figure  10 shows the southeastern side of seismic pro¢le 38 located 500 m west of pro¢le 17 (see Fig. 4 ) and further highlights the variations in the in¢ll geometry between the Master Fault and the Southern Fault over time. In the southern sub-basin, below H5 the thickest sedimentary in¢ll is against the Southern Fault, whereas, above H5, the sedimentary in¢ll is thicker against the Master Fault.
Another isopach map has been built between the base of the lacustrine in¢ll and the lake £oor to evaluate the total deformation of the imaged in¢ll of the basin (Fig.11 ).This isopach map shows the higher thickness located in the Deep Basin, which is consistent with the pattern of sedimentation revealed by the four isopach maps described above. It also reveals a consistent $3 km left-lateral o¡set of the isopachs along the Master Fault. This deformation represents the total o¡set accommodated by the Master Fault since the base of the lacustrine in¢ll was deposited. Following this line of reasoning, a rough estimate of the minimum age of the deformation can be made assuming that the average slip-rate on the East Anatolian Fault has been constant over time and close to the present-day 10 mm/y (Reilinger et al., 2006) . According to these assumptions, the Deep Basin would have been left-laterally o¡setting for at least the last 300 ka.
DISCUSSION Recent lake-level fluctuations
A subtle step (Figs 6 and 7) has been mapped on the northern slope of the lake at $40 m depth (measured from the 2007 water level).This feature has been recognised at a similar height and position in most of the seismic pro¢les. Based on its structure, widespread distribution and location, we believe that this feature was formed during a relatively recent lake-level lowstand. Indeed, Tonbul & Yig ï it (1995) compiled historical data showing that the lake level was around 1220 m in AD 1807 and reached 1250 m in AD 1878. This lake-level increase may have had a tectonic origin. According to Ambraseys (1989) , the AD 1874^1875 earthquakes uplifted the southeastern lake outlet by 4 m, ending the out£ow of the lake into the Tigris River (Ambraseys, 1989) and causing the lake level to rise. This suggests that other high-magnitude events, such as the AD 1789 earthquake, may also have a¡ected the lake level signi¢cantly. In fact, an Armenian settlement occupied since AD $1200 and located in the southwestern outlet of Lake Hazar was abandoned shortly after the 1789 earthquake probably because of a lake-level rise (Úzkan-Aygˇn, 2006 ). This settlement is presently located near the Kilise Adasi Island (Fig. 4) under $10 m of water with only two towers of the settlement gate emerging above the present (2007) lake level (Úzkan-Aygˇn, 2006) . Tectonic activity appears to be therefore the major factor for the lake-level rise during the late Holocene. Nonetheless, this factor may have been complemented by local or regional changes in the climatic conditions of this area. Indeed, Bookman et al. (2006) and Enzel et al. (2003) have related a water-level rise in the Dead Sea during the late Holocene to an increase in humidity conditions of the regional climate of the eastern Mediterranean region.
The angular unconformity at the base of the Holocene unit (H1) observed in the seismic pro¢les (Figs 6 and 7) might also represent a lowstand of the lake level that occurred before the Holocene. This possible lake-level lowstand is in agreement with the change in climatic conditions that occurred in this area between the last stage of the last glacial period and the early Holocene. According to Wick et al. (2003) , the late stage of the last glacial period in eastern Anatolian was characterised by cold and very dry weather, whereas the Holocene has been more humid and warm. This climate change may have had a signi¢cant in£uence in the waterlevel of Lake Hazar favouring a lakelevel rise during the early stages of the Holocene. However, this lake-level rise was most probably strongly controlled by the local tectonics, as shown by the case discussed above.
The Hazar Pull-apart basin
The actual structure of the Hazar Basin shows that the main strike-slip fault recognised inside the lake corresponds to the o¡shore continuation of the Havri and Southwestern faults de¢ning one main continuous fault through the Hazar Basin (Fig. 4) . Presently, and at least for the last 300 ka, this fault represents the principal deformation zone of the Hazar Basin. The main depocentre of the basin is situated in the northeast of the Deep Basin where transtension is strongly favoured by the convergence of the Northern Fault toward the Master one and the releasing bend geometry developed by the latter fault at this location. The southern part of the Deep Basin is also accommodating some extension due to Southern Fault activity. However, the subsidence occurring south of the Master Fault appears to be less important at present than in past times (see Figs 6a, 9 and 10). West of the Deep Basin, the basin formation is mainly controlled by the lateral and vertical o¡sets produced by the Master Faults and its splays with respect to the tectonically inactive northern margin of the basin.
Before $300 ka the Hazar Basin may have comprised a fault step -over, but the penetration depth of our seismic investigation was not good enough to evaluate this possibility. However, the present-day structure of the Hazar Basin strongly resembles the latest phases of evolution of transtensional step-overs observed in analogue models (Dooley & McClay, 1997; Rahe et al., 1998; Wu et al., 2009) . Consequently, we believe that the Hazar Basin may have started its formation as a transtensional step-over or pull-apart basin that has evolved by linking its two sidewall faults and abandoning the step-over structure in favour of a continuous fault.
The structure of the Hazar Basin is not a particularity of this area. Indeed, similar structures have been observed forming others basins located on major strike-slip faults. For example, the Izmit Basin, which is situated in the western part of the North Anatolian Fault, also comprises an asymmetrical sub-basin bounded by two apparent normal fault systems and cut across by a bent strike-slip fault (Cormier et al., 2006) . Consequently, based on the similarities between both basins, the structures of the Izmit and Hazar basins might have had similar evolutions.
Implication of the Hazar Basin structure to the 1874 and 1875 earthquakes
The Hazar Basin has been considered previously as the location of a segment boundary because of the presumed step-over fault geometry of this area (Hempton, 1982; Hempton et al., 1983; Mann et al., 1983; Reng˛r et al., 1985; Westaway, 1994; C°etin et al., 2003) . However, the fault geometry revealed in this study debunks the justi¢cation of this interpretation. The main fault segments on either side of the Hazar Basin can now be considered as one fault segment extending continuously, in spite of minor discontinuities, between Palu and Sincik for $130 km (Figs 2 and 4) .Therefore, high-magnitude earthquakes, such as the 1874 (Ms 7.1), are probably produced by ruptures of this Palu-Sincik segment. This interpretation is in agreement with the one proposed by Rarog ï lu et al. (1992) and Muehlberger & Gordon (1987) and with the 130 km-long rupture suggested by C°etin et al. (2003) , although the latter authors still interpreted the main fault as discontinuous. According to Wells & Coppersmith (1994) , a fault segment of this length may imply a maximum moment magnitude of 7.5 AE 0.3. This estimation may indicate that the magnitude of the 1874 earthquake may have been underestimated. With regard to the 1875 earthquake (Ms $6.7), its lower magnitude and the rupture of the Gezin Fault reported by C°etin et al. (2003) occurring close in time with this event might indicate an independent rupture of the Southern Fault (the Gezin Fault) during this earthquake. However, the vertical o¡set produced in the southeastern outlet of the lake during this and the 1874 earthquakes and their similar damage distribution might also indicate a co -seismic rupture of the Master and Southern faults during both earthquakes.This situation of several fault systems close to each other rupturing co -seismically has been observed during large earthquakes in other natural settings, for example, the Izmit-G˛lˇk earthquake inTurkey (Barka etal., 2002) and the Kokoxoli earthquake in northern Tibet (Klinger et al., 2005) .
CONCLUSIONS
The structural map established and discussed throughout this paper shows that the main strand of the East Anatolian Fault is continuous through the Hazar Basin. Therefore, the central part of this fault extends from Palu to Sincik without major discontinuities. Consequently, the present-day basin formation is not on account of a transtensional step -over, as was postulated in previous studies. Nevertheless, active transtension is recognised in the northeastern half of the Hazar Basin.There, two major extensional fault systems enclose a deep sub-basin (the Deep Basin) cut across by the continuous Master Fault, which forms an active releasing bend at the northeastern end of Lake Hazar. Based on the similarities of this structure and analogue models of pull-apart basin evolution, we propose that the present-day structure of the Hazar Basin derives from an initial transtensional step -over or pullapart structure that was abandoned in favour of the through-going fault structure before $300 ka.
According to the relationship between fault rupture and magnitude deduced by Wells & Coppersmith (1994) , we believe that the historical 1874 (Ms $7.1) earthquake was most probably caused by a rupture of the 130 km long Palu-sincik fault segment. Whereas, the lower magnitude event of1875 (Ms $6.7) may have been generated by an individual rupture of the 24 km-long Southern Fault. Nevertheless, both earthquakes produced similar e¡ects in the southern outlet of Lake Hazar and a¡ected approximately the same area, which might indicate co -seismic ruptures of the Southern and Master faults during both earthquakes.
The lake level was $80 m lower at the start of the Holocene than in 2007 and may have reached its present height only during the last two centuries. These relatively recent lake-level £uctuations appear to be mainly caused by tectonic forcing. However, the main rises of the lake level since the last glacial period are close in time with documented climatic changes in this region. Consequently, the climatic factor may also have contributed to the water-level rise of Lake Hazar during the Holocene period.
